A Manifestation of Latent Superconductivity in Ferromagnet via a Proximity Effect in FS Structures  by Proshin, Yurii N. & Avdeev, Maxim V.
 doi: 10.1016/j.phpro.2015.12.042 
A manifestation of latent superconductivity in ferromagnet
via a proximity eﬀect in FS structures
Yurii N. Proshin1 and Maxim V. Avdeev1
Kazan Federal University, Kazan, Kremlevskaya 18, Russia
yurii.proshin@kpfu.ru
Abstract
We theoretically study the proximity eﬀect in the thin-ﬁlm layered ferromagnet (F) - super-
conductor (S) heterostructures of two types (F1SF2 and F1F2S). We consider the boundary
value problem for the Usadel-like equations in the case of so-called “dirty” limit. The “latent”
superconducting pairing interaction in F layers taken into account. It is shown that the inter-
electronic interaction essentially inﬂuences on the critical properties of the both trilayers. The
appearance of the solitary superconductivity is predicted for the F1SF2 and F1F2S systems.
Keywords: proximity eﬀect, spin valve, superconductivity, ferromagnetism
1 Introduction
It is well known that a proximity eﬀect [1] - an interplay between superconducting order param-
eter in S layers and magnetic order parameter in F layers in the artiﬁcial layered ferromagnet-
superconductor (FS) structures - can lead to several striking phenomena, such as the various
types of nonmonotonic behaviors of the critical temperature as a function of the ferromagnetic
layer thickness [2–4]. Among them are the following: re-entrant, periodically re-entrant, solitary
and solitary re-entrant superconductivity. The re-entrant and periodically re-entrant supercon-
ductivity was predicted in works [5, 6]. Later the re-entrant superconductivity experimentally
was discovered in bilayers V/Fe [7] and Nb/Cu1xNix [8]. Solitary re-entrant superconductivity
was ﬁrst theoretically proposed in clean FSF trilayer [9, 10]. Most recently, the appearance of
peculiar solitary re-entrant superconductivity caused by external magnetic ﬁeld was predicted
for the F1F2S system [11]. Later, for case with the solitary superconductivity, the angular de-
pendence of the critical temperature Tc(φ) was calculated (φ is angle between magnetizations of
both F1 and F2 layers) [12]. In particular, it was shown that Tc has the maximum at φ = π – at
antiparallel magnetic state (AP) – and sharply drop to zero at deviation from AP state, so that
TPc = Tc(φ = 0) = 0 and consequently the diﬀerence ΔTc = T
AP
c − T
P
c = T
AP
c . This intrigu-
ing feature of solitary superconductivity has attracted considerable attention for the spin valve
applications. Changing the mutual orientation of the magnetizations of the ferromagnets can
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control the critical temperature Tc of these systems and can switch from the superconducting
state to the resistive state [13–15].
However, a superconducting order parameter and an interelectronic interaction constant
were neglected for a ferromagnet in standard approach to the proximity eﬀect in previous theo-
ries (see for example [2–4]) for these layered FS systems. Actually, an electron-electron pairing
interaction in a ferromagnet may exist, but it is suppressed by strong exchange ﬁeld. The
interaction can be reveal itself only if an exchange ﬁeld would be removed. In this virtual
case, a ferromagnet is transformed to normal metal and this latent interaction can lead to
superconducting correlations and, therefore, to a superconductivity onset with critical temper-
ature Tcf , estimated by the BCS expression. It should be noted that taking into account the
pairing electron-electron interaction [9, 10] has allowed to explain a surprisingly high critical
temperature (Tc ∼ 5K) in the short-periodic Gd/La superlattice [16].
We consider thin-ﬁlm F1SF2 and F1F2S trilayers. In contrast to the works [9,10] we assuming
that all S and F layers are dirty and we solve boundary value problem for dirty case basing on
solutions of the Usadel-like equations taken into account the electron-electron pairing interaction
in F layers. We focus on the phase diagrams with solitary superconductivity and discus an
inﬂuence of the interelectronic interaction on the critical temperature for both FSF and FFS
trilayers.
2 Theoretical background
Near the superconducting transition the self-consistent equations [17] for the superconducting
order parameters Δs(r) in S layer has the form [1]
Δs(r) ln t = 2πTcRe
∞∑
ω>0
(
Fs(r, ω)−
Δs(r)
ω
)
, (1)
for the F layers, taking into account electron-electron interaction (see discussion above), corre-
sponding equations are following
Δi(r)(ln t+ ln
Tcs
Ti
) = 2πTcRe
∞∑
ω>0
(
Fi(r, ω)−
Δi(r)
ω
)
, i = (f1, f2), (2)
where t = Tc/Tcs is the reduced critical temperature (Tcs and Ti is the superconducting critical
temperature for the bulk material (S and Fi, respectively) without spin exchange interaction),
ω is the Matsubara frequency.
The pair amplitudes Fs,(i) satisfy the Usadel-like equations [18–20] for S layer
[
|ω| −
Ds
2
d2
dx2
]
Fs(x, ω) = Δs(x), (3)
and for F layers
[
|ω| − iIfi −
Dfi(I)
2
d2
dx2
]
Ffi(x, ω) = Δfi(x), Dfi(I) =
Dfi
1− i2Iτf
, (4)
respectively. Here I is the exchange interaction, Ds,fi is the diﬀusion constant and τf is the time
of elastic scattering on non-magnetic impurities in F layers. Note, that the diﬀusion constant
Dfi(I) in (4) is complex in the presence of exchange interaction [2].
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For pair amplitude F , we have the boundary conditions derived by microscopic approach in
the work [6]. For the FS and F1F2 interfaces they have the form
4Ds
σsυsF
d
dx
Fs =
4Df(I)
σfυ
f
F
d
dx
Ff = Fs − Ff ,
4Df1(I)
σf1υ
f1
F
d
dx
Ff1 =
4Df2(I)
σf2υ
f2
F
d
dx
Ff2 = Ff1 − Ff2.
(5)
The boundary conditions at the outer surfaces have the form.
d
dx
Fs,f = 0. (6)
The parameters σs and σf are the transparencies from the S and F side, respectively [2]. Note,
that the boundary conditions at the interface 5 take into account the condition of detailed
balance
σsυ
s
FNs = σfυ
f
FNf , σf1υ
f1
F Nf1 = σf2υ
f2
F Nf2
where Ns,f is the density of states on the Fermi surface for the S and F layers, respectively.
For simpliﬁcation we use approximation Δs,f (x) ≈ 〈Δs,f (x)〉 = Δs,f . For qualitative exam-
ination this approximation is justiﬁed for thin-ﬁlm systems under consideration. Used approx-
imation is much better than popular single-mode approximation [2, 3].
Then, the solution eq. (3), (4) for F1F2S trilayers has the form
F1 =
Δ1
ω − iI1
+ C1(ω) coshkI1(x + df1 + df2), (−df1 − df2 < x < −df2);
F2 =
Δ1
ω − iI2
+A(ω) cosh kI2x+B(ω) sinh kI2x, (−df2 < x < 0);
Fs =
Δs
ω
+ Cs(ω) cosh ks(x− ds), (0 < x < ds);
(7)
and similar solution for F1SF2 system is
F1 =
Δ1
ω − iI1
+ C1(ω) coshkI1(x + df1 +
ds
2
), (−df1 −
ds
2
< x < −
ds
2
);
Fs =
Δs
ω
+A(ω) cosh ksx+B(ω) sinh ksx, (−
ds
2
< x <
ds
2
);
F2 =
Δ1
ω − iI2
+ C2(ω) coshkI2(x− df2 −
ds
2
), (
ds
2
< x <
ds
2
+ df2);
(8)
where k2s = 2ω/Ds, k
2
I = 2(ω − iI)/Df(I). The set of solutions (7), (8) and the appropriate
boundary conditions (5), (6) are suﬃcient to determine the coeﬃcients C1, C2, A, B that
are linear combinations of the gaps Δs, Δ1, Δ2. Finally, inserting the solutions (7), (8) into
equations (1),(2) and solving the resulting secular equation, we calculate the critical temperature
Tc for the F1SF2 or F1F2S trilayers.
3 Results
In this section we present and discuss the numerical results obtained for the F1SF2 and F1F2S
systems. For convenience, the thickness ds of the S layer and mean free path ls is normalized
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on the coherence length ξs =
√
Ds/2πTcs (Ds is the diﬀusion constant in S layer), while all
length relating to the both F1 and F2 layers are normalized on the coherence lengths ξI1,2 =√
Df1,2/2I1,2 respectively. Next, we present the results for the AP magnetic state, because
the solitary superconductivity is realised only for this case in FS trilayers. In ﬁg 1 the map
Figure 1: The Tc as function of both thicknesses df1 and df2 for F1SF2 trilayer at Tcs = Tcf .
Other parameters of the system are: ds/ξs = 0.71, ls/ξs = 0.5, σs = 5, σf = 15, lf1/ξI1 =
lf2/ξI2 = 0.3, I1/πTcs = I2/πTcs = 6.
t(df1, df2) is shown for F1SF2 trilayer at the condition Tcs/Tcf = 1. It is clearly seen that the
phase diagram is symmetrical i.e. t(df1, df2) = t(df2, df1). For clear visualization three slices
(lines (a), (b) and (c)) in Fig. 1 are depicted in ﬁgs. 2a, 2b and 2c respectively at various value of
the ratio Tcs/Tcf (the case Tcs/Tcf = inf corresponds to the absence of the pairing interaction
in F layers). Note that all three slices are qualitative diﬀerent. So, in ﬁg. 2a the dependence
t(df ) monotonically drops to zero with increasing the thickness df1 = df2 = df , wherein, in the
case of thin thickness df ≈ ξI/4 and Tcs = Tcf , the critical temperature Tc is equal to the critical
temperature Tcs of the bulk S material. Note in the absence of pairing interaction (i.e. Tcf = 0),
the critical temperature noticeably decreases with increasing thickness of F layers. The reason
that Tc  Tcs (for small thicknesses) is easy to understand: ﬁrstly, the eﬀective exchange ﬁeld
is compensated by the antiparallel mutual orientation of the magnetizations (Ieff  0) and,
secondly, this is due to electron-electron pairing interaction at Tcf  Tcs. Such behavior a
good agreement with experimental data on the short-periodic Gd/La superlattice [16], where
the critical temperature Tc at the AP magnetic state was close to the critical temperature for
the bulk Lantan (Tc ≈ Tcs(La) ≈ 5K). Note that gadolinium is a strong ferromagnet with
a Curie temperature TC ∼ 290K. In ﬁg. 2b a qualitative change of the dependence t vs df2
with increasing value of ratio Tcs/Tcf is shown. The re-entrant superconductivity occurs at
Tcs/Tcf = inf . A similar dependency of the Tc as function of the both df layers thicknesses for
symmetric (df1 = df2 ≡ df ) FSF Cu41Ni59/Nb/Cu41Ni59 trilayer was observed in the recent
exeperiment [21]. The appearance of the solitary superconductivity caused by interelectronic
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Figure 2: The inﬂuence of the electron-erelectron interaction on the FSF system
The curves t(df ) are shown for symmetric case (a), for ﬁxed df1 = 0.5ξI1 (b) and for ﬁxed
df2 = 1.8ξI2 (c);
Other parameters are the same as in ﬁgure 1.
pairing interaction is shown in ﬁg 2c. It is clearly seen that the critical temperature is strongly
dependent on the ratio Tcs/Tcf for the case of the solitary superconductivity. At the same time,
the peak position df1 ≈ 0.4ξI1 is not dependent on value Tcs/Tcf . The main reason for the
appearance of the solitary superconductivity it is clear: the eﬀective exchange ﬁeld is partially
compensated and a competition between “latent” superconductivity caused by interelectronic
interaction in F layers and the ferromagnetic depairing action becomes possible. Note again
that the solitary superconductivity does not occur for the parallel (P) magnetic state. In recent
work [11] the appearance of peculiar solitary re-entrant superconductivity caused by external
magnetic ﬁeld was predicted for the F1F2S system. However, such unusual phase diagrams can
also occur in the absence of an external magnetic ﬁeld. So, the ﬁg. 3 presents the Tc(df1, df2)
map and the slices Tc(df ) for the F1F2S trilayer thgat are similar to ones for the F1SF2 system
in ﬁg. 1. Note, the function Tc(df1, df2) = Tc(df1, df2) because the FFS system is asymmetrical
system in principle, in contrast to FSF case. Another important diﬀerence is that the solitary
superconductivity occurs even though in the absence of the interelectronic pairing interaction
at Tcs/Tcf = inf , see slices (b) and (c) in ﬁg. 4. This can be explained by the fact that the
ferromagnetic layers are not separated by superconducting layer, and it promotes more strong
compensation of the eﬀective exchange ﬁeld (for the AP case). It should be noted that the F1F2S
trilayers were actively studied by experimentalists recently [22–24]. Due to competition between
singlet and triplet superconducting correlations, these FFS systems exhibit a strong angular
dependence Tc(φ), where φ is angle between the magnetizations of the F1 and F2 layers. The
diﬀerence ΔTc(φ) = Tc(φ)−Tc(φ = 0) is important in spin-valve applications [13–15]. Thus, the
diﬀerence ΔTc(π) ≈ 40 mK for CoOx/Fe1/Cu/Fe2/Cu/Pb samples [23] and ΔTc(π/2) ≈ 800
mK for MoGe(ds)/Ni/Cu/CrO2 system [24]. These experimental results are in good agreement
with the known theories of the FFS systems [11,25,26]. Note again that the diﬀerence ΔTc(π)
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Figure 3: The Tc as function of both thicknesses df1 and df2 for F1F2S trilayer at Tcs = Tcf .
Other parameters of the system are: ds/ξs = 0.7, ls/ξs = 0.5, σs = 5, σf = 15, lf1/ξI1 =
0.3lf2/ξI2 = 0.3, I1/πTcs = I2/πTcs = 6.
Figure 4: The inﬂuence of the electron-erelectron interaction on the F1F2S system
The curves t(df ) are shown for symmetric case (a), for ﬁxed df1 = 1.8ξI1 (b) and for ﬁxed
df2 = 1.9ξI2 (c);
Other parameters are the same as in ﬁgure 3.
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coincides with the Tc(π) in case of predicted solitary superconductivity and hence it can reach
suﬃciently high values.
4 Summary
In this work we consider the asymmetrical F1SF2 and F1F2S trilayers. Our theoretical ap-
proach taking into account of the interelectronic interaction in F layers. It is shown that in
dirty limit, the asymmetry and electron-electron pairing interaction can lead to the solitary
superconductivity in both F1SF2 and F1F2S trilayers. In particular, the dependence Tc(df ) at
small thicknesses of the F layers may indicate about the interelectronic interaction in ferromag-
nets. Obtained results are in agreement with [9] and recent works [11, 12].
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